Our purpose was to determine the influences of antenatal dexamethasone administration on neonatal lung development in rats. Dexamethasone (0.4 mg/kg maternal body weight per day) was administered i.p. on the 21st d (group 1) or on the 20th and 21st d (group 2) of gestation in Sprague Dawley rats with timed pregnancies. After natural deliveries, the lungs of the pups 1-60 d of age were removed and processed for morphometric analysis. In 60-d-old pups, groups 1 and 2 both showed a lower numerical density of alveoli and a larger mean alveolar radius than control pups. Antenatal administration of dexamethasone to rats impairs the normal postnatal lung growth. Some aspects of the use of antenatal glucocorticoid therapy in humans may require reconsideration. Antenatal glucocorticoid therapy, including the administration of DXM and betamethasone, is widely used in the perinatal care of premature infants (1-3) The effects of antenatal glucocorticoid therapy include a reduction in the severity of respiratory distress syndrome, reductions in the incidences of several other complications associated with prematurity (hypotension, intracranial hemorrhage, etc.), and a reduction in mortality. In animal experiments, glucocorticoid administration appears to accelerate not only the establishment of the surfactant system, but also the activities of antioxidant enzymes (4) and, via surfactant-independent mechanisms, an increase in alveolar wall compliance (5).
Antenatal glucocorticoid therapy, including the administration of DXM and betamethasone, is widely used in the perinatal care of premature infants (1-3) The effects of antenatal glucocorticoid therapy include a reduction in the severity of respiratory distress syndrome, reductions in the incidences of several other complications associated with prematurity (hypotension, intracranial hemorrhage, etc.), and a reduction in mortality. In animal experiments, glucocorticoid administration appears to accelerate not only the establishment of the surfactant system, but also the activities of antioxidant enzymes (4) and, via surfactant-independent mechanisms, an increase in alveolar wall compliance (5) .
The growth of the lung during the human perinatal period consists of several phases (6): 1) the establishment of a surfactant system, 2) an increase in the number of alveoli through division of the existing alveoli (alveolarization), and 3) alveolar wall thinning and capillary fusion (microvascular maturation). The latter two phases are accompanied by structural changes. Alveolarization occurs mainly between the 35th wk of gestation and approximately the third postnatal year. Microvascular maturation begins after birth and is completed by 5 y of age. Alveolarization is said to occur only in the presence of immature thick septa (6) .
These three phases of lung growth have been observed in most mammals (6) , but the times at which the phases occur differ among species. For example, the pulmonary ultrastructure of newborn rats corresponds to that of humans at about the 28th wk of gestation. In other words, rats are born before the process of alveolarization has begun. Alveolarization in the rat lung takes place predominantly within the first 2 wk of life, with microvascular maturation occurring during the third wk (7) .
Postnatal administration of DXM (1 g/d, i.e. 3.3-12.5 g·kg Ϫ1 ·d Ϫ1 , from d 2 to 15) is known to impair subsequent alveolarization in rats (8, 9) During the first 2 wk, DXM accelerates microvascular maturation and suppresses alveolarization. One week after drug withdrawal, the trend toward precocious maturation is reversed. The alveolar wall returns to a more immature state, and a delayed burst of alveolarization begins. At d 60, the lungs appear emphysematous, with larger and fewer alveoli, suggesting that the delayed alveolarization is insufficient to compensate for the initial deficit.
We hypothesized that antenatal DXM administration might also result in these phenomena in newborn rats. To test this hypothesis, we investigated antenatal DXM-induced structural changes in neonatal rat lungs using light-microscopic morphometry.
METHODS
This study was approved by the Animal Care and Use Committee of Hokkaido University School of Medicine.
Animals. Newborn rats (n ϭ 108) from Sprague Dawley rats (n ϭ 21) with timed pregnancies, weighing 270 -330 g on the 20th d of pregnancy (term, 22.5 d), were used for the experiments.
Drug administration. Decadron (1 mL contains 4 mg of dexamethasone phosphate) solution was diluted with isotonic saline (1:9, Decadron to saline), and a final DXM dose of 0.4 mg (1 mL) per kilogram of body weight was administered to the mothers. The pregnant rats were divided into three groups of seven animals each. Rats from group 1 were given 1 mL/kg body weight of isotonic saline on the 20th d of gestation and a single dose of DXM on the 21st d by i.p. injection. Rats from group 2 received two doses of DXM, both on the 20th and the 21st d, and rats from the control group received isotonic saline injections on the both days. All injections were given between 0800 and 0900 h. All rats delivered their pups naturally within 48 h of the last injection. The total number of pups was 213. Thirty-six pups from each group (a total of 108 pups) were randomly selected, irrespective of sex, on d 1 for use in this study. Normalization of litter sizes was not performed for practical reasons.
Lung fixation and tissue processing. On d 1, 4, 7, 10, 13, 21, 35, 44, and 60 after birth, four newborn rats from each group were anesthetized with an intraperitoneal injection of Nembutal (Abbott Laboratories, Abbott Park, IL, U.S.A.; 1 mL Nembutal contains 50 mg of pentobarbital) at a dose of 0.3 mL/100 g body weight. The lungs were fixed by intratracheal instillation of 10% buffered formalin at a pressure of 20 cm H 2 O for 10 min. After ligation of the trachea and removal of the chest organs, fixation was continued by placing the lungs in buffered formalin for Ͼ48 h. Before and after the last fixation, the volume of the whole lung was measured by water displacement (10) to assess fixation failure (Ͼ5% loss of former volume.)
For practical reasons, only the left lung was processed for light-microscopic morphometric evaluation. A single lobe of the rat lung has been shown to be a representative sampling of the morphometry of the entire organ (11) . To obtain vertical sections (12, 13) , the tissue was processed as follows: the vertical axis of each left lung was determined, and the lung was dissected into a few planes along that axis. Each plane was Ͻ4 mm thick and did not exceed the depth of the cassette cases used for embedding. The blocks were arranged in the cassette cases so that the vertical axes were parallel to each other, and the planes were embedded. The specimens were then cut into 2-m-thick sections and stained with hematoxylin and eosin.
Light-microscopic morphometry. The sections were analyzed at a magnification of ϫ400 using MCID (Microcomputer Imaging Device, Imaging Research Inc., St Catharines, Ontario, Canada). TIFF images (1280ϫ1024 pixels, 45.16ϫ36.12 cm.) were captured and stored using this software. Ten images from each left lung were randomly selected for morphometric procedures (total number of images, 1080). The images were transferred to a PICT format and examined using Stereology Toolbox (Morphometrix, Davis, CA, U.S.A.). This software contains six standard grids for morphometry. The images were examined using a horizontal cycloid grid (Fig. 1a) , and the following two variables were estimated: Vav, the volume density of alveolar spaces (air spaces excluding bronchi and bronchioli in a unit of lung volume); and Sv, the surface density of alveolar walls (total surface areas in a unit of lung volume).
The PICT images were superimposed on the grid according to their vertical axes, and the regions of alveolar spaces (Vav) and intersections between alveolar walls and cycloids (Sv) were counted. Five fields per image (the center and the four corners) were superimposed and counted. Thus, 50 fields were analyzed for each left lung. The total number of points and intersections in each left lung was Ͼ400 (12).
Calculated variables. Using the two variables defined above, the following two variables were calculated to further clarify the morphologic characteristics of the lung: nv, numerical density of alveoli (number of alveoli in a unit of lung volume); and r, average alveolar radius. These variables were calculated as follows:
Sv ϭ nv ϫ 4r Statistical analyses. The three groups were statistically compared using Scheffe's test, which is compatible to compare three or more groups at several points. A p Ͻ 0.05 was considered to be statistically significant.
RESULTS
One rat from group 1/d 1 was excluded from the study because the fixation procedure failed. Thus, group 1/d 1 contained three rats, whereas all other groups contained four.
Representative photomicrographs of control and group 1 (d 10 and 60) lung sections are shown in Figure 1 .
Body weight. There were no significant differences in body weight among the three groups on any experimental days (Fig.  2) .
Surface density of alveolar walls. 
DISCUSSION
The influence of postnatal DXM administration on postnatal alveolarization in the rat has been studied in detail by Massaro et al. (8) and Tschanz et al. (9) . The latter author stated that postnatal DXM treatments suppress alveolarization by promoting precocious microvascular maturation, with the result that on d 60, the lungs appear emphysematous, with larger and fewer alveoli compared with controls. Inasmuch as rats are fully grown and microvascular maturation has been completed by d 60, this emphysematous change in treated rats is thought to be irreversible. Massaro et al. (8) reported similar findings with antenatally administered DXM. Subsequently, however, they examined the effect of antenatal DXM administration on the lung's gas exchange surface area and the number of alveoli only up to d 14 (14) . Our data showed antenatal administration of DXM to result in phenomena very similar to those observed 3 ) as a function of postnatal age for the controls (C), group 1 (1), and group 2 (2); bars indicate the mean Ϯ SD. Note that the nv of group 1 was lower than that of the control group on d 10, and that the nv values of groups 1 and 2 were lower than those of the control group on d 44 and 60.
ANTENATAL DEXAMETHASONE AND RAT LUNGS
after the postnatal administration of DXM as reported by Tschanz et al. (9) . As shown in Figures 3 and 4 , the first burst of alveolarization at approximately d 10 seen in the control group was significantly suppressed in the DXM-treated groups. Then, catch-up of alveolarization apparently took place in the DXM-treated groups and reached the normal level between d 13 and 36. These changes of alveolarization in the DXMtreated groups, namely suppression at first and subsequent catch-up, were consistent with those of the postnatal DXM administration reported by Tschanz et al. (9) , in which they described that suppression of alveolarization by DXM recovered at approximately 1 wk after the withdrawal, and then a decline toward immaturity of alveolar walls and a delayed burst of alveolarization took place. In this context, our observation would reflect a true phenomenon. After d 36, a time when the alveolarization proceeded further in the control group, the levels reached in the DXM-treated groups were maintained, leading to significantly lower Sv and nv of alveoli. Changes in alveolar radius during the course coincided with those of Sv and nv (Fig. 5) : significantly larger radii were seen in DXM-treated groups around d 10 and also d 60, compared with the controls. Thus, DXM-treated groups ultimately had fewer and larger alveoli than the untreated group. We conclude that the mechanisms underlying our results are also precocious microvascular maturation, delayed alveolarization, and failure to compensate for these effects, as proposed by Tschanz et al. (9) in postnatal DXM administration. It means that antenatal DXM inhibited not only alveolarization for the first 10 d, but also potentials of alveolarization by 60 d in rats.
Our choice for the dose of DXM (0.4 mg/kg) was determined referring to that of clinical use (8 mg ϫ 3 or 12 mg ϫ 2). We were convinced that the dose was enough to exhibit affects on lungs of newborn rats similar to postnatal administration, because the dose of postnatal DXM was so much lower than that of clinical use for CLD (15) (16) (17) , i.e. 3.3-12.5 g·kg Ϫ1 ·d Ϫ1 versus 0.5 mg·kg Ϫ1 ·d Ϫ1 (18, 19) . As antenatal DEX crosses the placenta to the fetus and is cleared rapidly, (20) the morphologic changes that we have observed must occur as a result of shorter period of effect than postnatal administration. It is true that the extrapolation to humans from our rat model with rapid growth, and therefore possibly a relatively prolonged exposure to DXM, is problematic. Although human studies have shown no evidence of impaired lung function in children exposed to antenatal glucocorticoids in general (21, 22) , we think that our results suggest two specific points of concern regarding glucocorticoid therapy during the perinatal period. First, the effects of repetitive administrations of antenatal glucocorticoids on human lung growth remain uncertain. In clinical practice, repetitive courses of antenatal glucocorticoids are administered at 7-d intervals and are frequently used if preterm delivery does not occur (23) . A number of observations have recently been published that demonstrate the risk of this repetitive administration of antenatal glucocorticoids (24 -26) . For this reason, two DXM administration regimens were used in the present experiment. Although our data showed no significant differences between groups 1 and 2, these data do not rule out the possibility of a dose-dependent influence on the human lung. We suspect that the repetitive administration of antenatal glucocorticoids, i.e. relatively prolonged exposure to glucocorticoids, should be reconsidered from the perspective of postnatal lung growth. Second, the effects of glucocorticoids in combination with other risk factors for severe CLD (15-17) must be examined. One of the characteristic changes seen in CLD is the development of fewer and larger alveoli. The cause of this morphologic change is unknown and must be multifactorial, but the involvement of glucocorticoids is feasible, because they are commonly used for antenatal and postnatal treatments (18, 19) . Furthermore, pathologic changes in the lung in CLD patients are quite similar to those of our DXM-treated rats. There is solid evidence that antenatal glucocorticoids are not associated with an increased incidence of CLD (27) , but the possibility that antenatal glucocorticoid administration might worsen morphologic changes in CLD cannot be ruled out.
It is apparent that there has been considerable improvement in perinatal care, which might allow for decreased use or for lower doses of glucocorticoids. In conclusion, we propose that antenatal glucocorticoid therapy should be reconsidered, not necessarily in general, but rather, for example, in terms of dosage or indications, because of its possible relation to exacerbation of CLD. 
